wheats are used for cakes, cookies, pastries, and some types of noodles, whereas hard wheats are used for
was first characterized in the 'Chinese Spring' substitu-
Pina-D1a Pinb-D1d
Hard, puroindoline b, Trp-44 to tion line possessing the 5D chromosomes of 'Cheyenne'
Arg-44

Pina-D1a
Pinb-D1e Hard, puroindoline b null, Trp-39 Morris, 1997, 1998 D1b and Pinb-D1b, were highly conserved, and might of differences among cultivars because of lack of true replicaexplain most if not all phenotypically hard hexaploid tion, the very high level of expression of the hardness gene wheats. Lillemo and Morris (2000) showed that the prevas measured by the SKCS qualitatively separates the soft and hard classes.
alence of these or other mutations might be largely related to the gene pools of interest and also the particular area of origin. In this report, we describe the prevaProtein Extraction and SDS-PAGE Detection lence of the four previously published puroindoline of Puroindoline a Nulls hardness alleles in a diverse set of North American Triton-soluble proteins including puroindoline a and b were hexaploid wheats of historical importance, with emphaextracted from one to three crushed kernels with Triton X-114 sis placed on including older, ancestral cultivars. Evidetergent, separated by SDS-PAGE, and visually examined dence of three new hardness alleles, all involving point for the presence of puroindoline bands as described by Morris mutations and causing null expression of puroindoline et al. (1994) and Giroux and Morris (1998). b, are presented.
DNA Isolation and Nucleic Acid-Based Detection of Puroindoline Alleles MATERIALS AND METHODS
Genomic DNA was isolated from each cultivar by the Seed Samples and Hardness Measurement method of Dellaporta et al. (1983) . Two tissues were used: A subset of the "Pacific Northwest Historical Wheats Nursleaf tissue from 10 to 15 plants each at the two-to three-leaf ery" (Miller et al., 1990) developed by Dr. Ken Kephart was stage or individual half kernels (embryo half). The Pinb-D1a selected based on the "hard wheat" classification in that report vs. Pinb-D1b allele alternatives (wild-type Gly-46 vs. the Ser-(referenced in Tables 2 and 3 ; see also the "Commercial Wheat 46 mutation) were assessed by means of sequence-specific Cultivars" internet site at, gopher://greengenes.cit.cornell.
primers which amplify allele-specific 250-bp fragments (Giredu:70/11/.cwc; verified August 9, 2000) . Seed of these selected oux and Morris, 1997) . To assess the Pinb-D1c allele (Leucultivars was harvested from plants grown under standard 60 to Pro-60), full length puroindoline b PCR product was production practices at Spillman Farm, Washington State restricted with PvuII after the method of Lillemo and Morris Univ., Pullman, WA, in 1990 -1991 (winter wheats) and 1991 . All PCR products were visualized on 1.5% (w/v) aga-(spring wheats).
rose gels. Full-length puroindoline a and b were amplified Additional cultivars of historical significance were selected with the primers described by Gautier et al. (1994) , isolated on the basis of the report of Mercado et al. (1996) and Murphy from agarose gels after electrophoresis and sequenced by et al. (1986) (Tables 2 and 3 ). For nearly all these cultivars, means of the amplification primers. seed was obtained from Dr. Harold Bockelman of the USDA National Small Grains Collection (NSGC), Aberdeen, ID. The original 'Redman' CI 12496 was replaced with accession CI RESULTS 012638. Additionally, the cultivars 'ID377s' (Table 2) was classed as "4'' with a SKCS hardness score standard Grain hardness (kernel texture) was determined on an apdeviation of 20, typical of more highly variable seed proximately 300-kernel subsample by the Perten Model SKCS 4100 Single Kernel Characterization System (Perten Instrulots; 14% of the kernels were Ն47 hardness. All these Table 2 , gel data not shown). Of the seven randomly selected soft wheat cultivars and generally higher standard deviations (16) (17) (18) (19) (20) . Six of the seven Class 2 cultivars had at least three-fourths checked by means of the "soft" wild-type Gly-46 specific PCR primer, all showed a product. None of the cultivars of their kernels Ն47 and mean hardness values of 58-68. Seed of Utac from the PNW Historical Nursery was produced a PCR product with the "hard" Ser-46 specific primer (Table 2) .
classed as '3' with an SKCS hardness of 51Ϯ19 (data not shown). New seed obtained from NSGC was classed Table 2 indicates the reference source for these soft (Class 5 and 4) cultivars. All but 'Spinkcota', 'Pitic 62', as '2' with an SKCS hardness of 49Ϯ13 (Table 2) . Since none of these data provided a clear indication as to the and 'World Seeds 1' were described in Mercado et al. (1996) . 'Aka Komugi' (PI 45234, also CI 6138) is listed homogeneity of this cultivar, new seed was propagated and individual spikes were analyzed for both hardness as 'Akagomughi' by van Beuningen and Busch (1997) , Mercado et al. (1996), and Borojević (1983) . Spinkcota and puroindoline genotype. Individual spike data clearly revealed the hard and soft mixed nature of Utac. Of 8 and Pitic 62 were listed by Miller et al. (1990) as hard red spring cultivars. Bayles and Clark (1954) described spikes tested, 3 were classed as soft (Class 4 or 5) and 5 as hard (Class 1) (data not shown). Puroindoline a Spinkcota as having hard, red kernels. Seed from the NSGC exhibited the similar soft texture as observed and b were sequenced from the hard component of Utac; the results revealed "wild-type" puroindoline a with the seed from the PNW Historical Nursery (SKCS hardness ϭ 37Ϯ17). The correct classification of this (Pina-D1a) but a previously unknown single-nucleotide mutation in puroindoline b (see Table 1 ). The point cultivar is unknown. Although Pitic 62 is also listed by Miller et al. (1990) as a hard red spring wheat, the mutation causes Trp-44 to change to a stop codon (TGG to TGA). This allele was given the molecular marker presence of puroindoline a protein and absence of Serdesignation, Pinb-D1f. Bayles and Clark (1954) de-46 specific PCR product were all consistent with the scribed Utac as, "kernels white, semihard to hard" which SKCS soft texture phenotype. The original description would be consistent with a cultivar having a mixture of of Pitic 62 (INIA and CIMMYT, 1972) describes the hard and soft kernels. kernel as soft. World Seeds 1 was listed in the GRIN 'Adams', 'Wampum', 'Henry', 'Sawtell', 'Kodiak (http://www.ars-grin.gov/; verified August 9, 2000) and Dwarf', and 'Bronze Chief' were grown as part of the by Miller et al. (1990) as hard white spring, yet the Historical Wheat study (Miller et al., 1990) . New seed SKCS data indicate that it is soft. Seed from both the was obtained from NSGC and gave similar, mixed hard PNW Historical Nursery and the NSGC were consistent and soft SKCS results (data not shown). In all six of in their soft character.
these mixed cultivars the "hard" component exhibited Ten spring wheat cultivars were classified as "mixed" ‡ Seed source where "S" is PNW Historical Wheats Nursery, and "G" is NSGC. § Puroindoline alleles, where Aϩ indicates Pina-D1a allele based on SDS-PAGE detection of puroindoline a protein; Gϩ and GϪ indicate presence of Pinb-D1a and absence of Pinb-D1a, respectively, based on presence or absence of a 250-bp PCR product using Gly-46 specific primers; Sϩ and SϪ indicate presence of Pinb-D1b and absence of Pinb-D1b, respectively, based on presence or absence of a 250-bp PCR product using Ser-46 specific primers; a "." indicates that no analysis was conducted. Puroindoline allele designations in some instances were determined by sequencing the puroindoline PCR-produced gene product.
the prevalent Gly-46 to Ser-46 hardness mutation (Table  doline b sequence. A check of five randomly-selected cultivars lacked the Leu-60 to Pro-60 hardness mutation. 2). Adams is listed in its registration notice (Rohde, 1972) as a hard white spring derived from an F 4 bulk
The majority of the hard spring wheat cultivars (n ϭ 47) produced the characteristic 250-bp PCR fragment of the cross 'Idaed'/'Burt'. Idaed is a soft white spring and Burt a hard white winter, so it is possible that Adams using the Ser-46 specific primer. These results along with the presence of puroindoline a protein on SDSwas originally released as a hard and soft mixed (heterogeneous) cultivar. Adams and Burt share the Pinb-D1b PAGE and the lack of PCR product using the Gly-46 specific primer were all consistent with the presence of hardness allele (Tables 2 and 3 ). Wampum was never registered. Henry is described by Bayles and Clark the Pinb-D1b hardness allele in these cultivars (Table  2) . Initially, it was difficult to obtain clear PCR results (1954) as "kernels semihard to hard" which is consistent with a hard and soft mixed composition. Sawtell has the with 'Canthatch' and 'Red River 68'. They were checked for the Leu-60 to Pro-60 mutation, found not to have pedigree 'Sonora 64'/'Winalta'. Sonora 64 and Winalta are listed on the Greengenes server (see Materials and it, and eventually had puroindoline a and b sequenced in their entirety. This sequencing confirmed their SerMethods) as hard red spring and winter cultivars, respectively. . These cultivars additionally showed puroindoline a protein (SDS-PAGE), the soft Gly-46 PCR product, of the soft component of Kodiak Dwarf and Bronze Chief are unknown; both cultivars originated at Great and no Ser-46 specific PCR product (Table 2) . Plains Seed and Research, Inc., Bozeman, MT.
The last two hard spring cultivars, Gehun and 'CanaOriginal seed of McKay from the PNW Historical dian Red', exhibited puroindoline a protein on SDSNursery produced a "mixed" (Class 2) SKCS hardness PAGE, a Gly-46 specific PCR product, but no Ser-46 value of 68Ϯ18 with about 15% soft kernels (Ͻ47). New PCR product. New seed was obtained from NSGC and seed of McKay from NSGC produced an SKCS hardness puroindoline a and b were sequenced. Both proved to of 82Ϯ17 (Table 2) .
have a single-nucleotide change in the codon of Trp-39 The remaining three mixed class spring wheat cultivars, (TGG to TGA) which created a stop codon at this 'Kenya', 'Kenya 324' and 'Ladoga', were included due position. This hardness mutation was assigned the moto their historical significance (Mercado et al., 1996) . PCR lecular marker designation, Pinb-D1e (Table 1) . results indicated that the "hard" component of Kenya possessed the Ser-46 Pinb-D1b allele (Table 2) . A survey
Winter Wheats
of four randomly-selected kernels of Kenya 324 produced Five winter wheats were shown to be soft by SKCS only soft wild-type puroindoline b sequence. Regarding analysis (Class 5 or 4, Table 3 ); hardness values ranged the "Kenya" cultivars it should be noted that over 10 from 19 to 38. All showed both puroindoline a and b accessions of "Kenya" exist in the NSGC.
proteins on SDS-PAGE, and no product using the SerThe "hard" component of Ladoga exhibited puroin-46 specific PCR primer. As a control, 'Benhur' and doline a protein on SDS-PAGE, produced no product 'Lucas' were checked using the Gly-46 specific primer using the Ser-46 specific PCR primer, but did exhibit and the characteristic 250-bp product was observed. Bethe PvuII restriction site characteristic of the Leu-60 to nhur and Lucas are described as soft red winter cultivars Pro-60 hardness allele (Table 2) . Sequencing full-length (Patterson et al., 1978; Heyne, 1960; respectively) . 'Gold puroindoline a and b PCR products confirmed this genoDrop', 'PI 178383', and 'Sherman' were listed by Miller type (Pina-D1a, Pinb-D1c).
et al. (1990) as hard red winter cultivars. Although Gold The majority (n ϭ 71) of the spring wheat cultivars Drop is also listed as a hard red winter wheat on the included in the study proved to be hard (Class 1, Table  Greengenes web site, Clark (1927) lists it as a soft red 2). SKCS hardness ranged from 57 for 'Mida' to 83 for winter wheat, as does GRIN which also describes kernel 'Aim'. All but 'Red Egyptian', 'Marroqui 588', ID377s, color as "white/amber," but gives no other indication 'Fife', 'Hard Red Calcutta', and 'Gehun' were included in the PNW Historical Wheat study and seed was obas to kernel texture. Bayles and Clark (1954) describe Sherman as having "semihard" kernels, but go on to tained from Spillman Farm. Because 'Red Fife' was listed by Miller et al. (1990) as a soft red spring, it was state, "Sherman differs from Turkey chiefly in having.... softer kernels,..." Sherman is listed by Bayles and Clark not originally included in the PNW Historical Wheat set, but was obtained later from NSGC.
(1954) as being derived from a cross involving 'Turkey', 'Budapest' and 'Zimmerman'. Budapest appears in the Of these 71 Class 1 hard spring wheat cultivars, 18 were shown to lack puroindoline a protein ( change (TGC to TGA) in the codon for Cys-56 which Irrespective of which Zimmerman was indeed used in created a stop codon at this position. This Cys-56 to the cross to produce Sherman, a soft allele could have stop codon mutation was assigned the molecular marker been inherited and present in the cultivar.
designation Pinb-D1g (Table 1) . Only three winter wheat cultivars were classed as "mixed" by the SKCS (Class 2 or 3, Table 3 ). Of interest, both Turkey (aka 'Turkey Red') and 'Kharkof' were in DISCUSSION this class. New seed was obtained from the NSGC and
The molecular-genetic basis of wheat grain hardness produced similar results (data not shown). Turkey had (kernel texture) is now well established. As such, variaapproximately 50% kernels Ն 47 hardness, whereas in tion in puroindoline expression and DNA sequence can Kharkof, this percentage of hard kernels was only 23%. be used to characterize hard wheat genotypes and anaNew NSGC seed of 'Weston' was also classed as mixed.
lyze ancestral and parental relationships. Besides the The hard and soft mixed nature of Turkey, Kharkof soft, wild-type sequences for puroindoline a and b (Gauand Weston was unexpected. Bayles and Clark (1954) tier et al., 1994), four "hardness" alleles conferring hard describe Turkey as having, "kernels red, midlong, kernel phenotype (ha) have been described previously hard,..." Their discussion of Kharkof does not indicate Morris, 1997, 1998 ; Lillemo and Morris, kernel texture. The GRIN lists Weston as being a hard 2000) ( Table 1 ). The three most prevalent hardness mured winter wheat derived from the cross 'Bezostaya'/2/ tations (Pina-D1b, Pinb-D1b, and Pinb-D1c) were obBurt/PI 178383. 'Bezostaja' (PI 323468, the two spellings served among the hard spring wheats in the present are considered equivalent) is listed in the GRIN as a study. However, no hard winter wheats with either the hard red winter, Burt is a hard white winter (Heyne, Pina-D1b or Pinb-D1c alleles were observed; nearly all 1959) and PI 178383 is a soft wheat (Table 3) . Burt (96%) carried the Pinb-D1b hardness allele. A relatively carries the Pinb-D1b allele (Table 3) ; Weston may have rare allele, Pinb-D1d, which involves a point mutation been released as a heterogeneous mixture of the soft in the codon of Trp-44 such that the amino acid becomes allele from PI 178383 and the hard allele from Burt an arginine (Lillemo and Morris, 2000) was not observed (or Bezostaja).
in any of the cultivars included here. Additionally, three A significant number (ca. 17) of other winter wheat new hardness alleles (Pinb-D1e, Pinb-D1f, and Pinbseed samples derived from the PNW Historical Nursery D1g), all involving single-nucleotide changes, which rewere characterized as being "mixed" (Class 2 or 3) (data sult in stop codons in puroindoline b, were discovered not shown). These cultivars can be identified in Table  in the cultivars included in the present study (Tables 1  3 as having reference 1 ( Miller et al., 1990 ), but having through 3). Additional hardness mutations and molecuseed source listed as "G" (NSGC). In all cases, except lar-genetic lesions in the puroindoline proteins beyond the three cultivars just described as mixed, all new seed these will likely be discovered as broader surveys are stocks from NSGC confirmed the uniformly hard (Class conducted, especially among new germplasm pools and 1) phenotype (Table 3) . geographic regions. Nearly all (52 of 54) of the hard winter wheats (SKCS In addition to those wheats considered to be of historiClass 1) (Table 3 ) produced a 250-bp product using the cal importance to the U.S. Pacific Northwest (Miller et Ser-46 specific PCR primer, indicating that they possess al., 1990), an additional 13 spring and six winter wheats the Pinb-D1b hardness allele. The majority were were included because of their prominent role in the checked with the Gly-46 primer and none produced a development and parentage of North American wheat product. Eight cultivars chosen at random were also cultivars (Mercado et al., 1996; Murphy et al., 1986 ) checked on SDS-PAGE and were shown to express (Tables 2 and 3 ). ID377s, Red Fife, and Bridger were both puroindoline a and b proteins. These Pinb-D1b added during the course of the study. Among the oldest cultivars ranged in SKCS hardness from 56 ('Ute') to cultivars included here are 'Java' (introduction 1837) 84 ('Centurk'). 'Warrior', 'Scout', 'Sturdy' and Centurk and Gold Drop (introduction 1843). Clark (1927) lists (Murphy et al., 1986) were added to the original set of Java as a hard red spring, whereas Greengenes lists it PNW Historical wheats. The accession of 'Triumph' was as a soft red spring. Our data are consistent with the comprised of red and a minor proportion of white kerlater classification. Conversely, Clark (1927) lists Gold nels, but both kernel color classes exhibited similar Drop as a soft red winter, whereas Greengenes lists it SKCS hardness (data not shown).
as a hard red winter; in this case our data support the Two hard winter wheat cultivars, 'Chiefkan' and 'Anformer description. Certainly, cultivars even older than drews', failed to produce a product using the Ser-46 these which are now mostly lost to history were the very specific primers but did produce a product with the Glyearliest soft wheats brought from Europe during the 46 specific primers (Table 3 ). These two cultivars, then, initial stages of colonization (Jones, 1946) . However, did not possess the very prevalent Pinb-D1b hardness since these soft wheats represent the wild-type state of the Hardness gene, they are of limited use (except in allele found in the majority (96%) of these North Amer-an allelic sense) in studying the post-hexaploidation and Russian' (C.A.N. 1567, aka 'Wellman's Fife', a selection out of Red Fife). domestication of wheat. If we accept the estimates that the hexaploidation event(s) were few and occurred not Five spring wheats were shown to carry the Pinb-D1c hardness allele. Ladoga was introduced by W. Saunders, more than 9,000 years ago (Dvorak et al., 1998; Allaby et al., 1999) , and also accept that the D-genome donor, Dominion Cerealist, from Russia near Lake Ladoga in 1886 (Fraser and Whiteside, 1956 ). Although of mixed Aegilops tauschii (Coss. [synonyms A. squarrosa, T. tauschii] ) is uniformly soft in kernel texture, then we hardness, the hard component of Ladoga was shown here to carry the Pinb-D1c allele. Ladoga is present in may conclude that all mutations in puroindoline proteins have arisen in the intervening period. Regardless the pedigrees of Preston (Ladoga ϫ Red Fife) and several other early cultivars developed by W. Saunders of the evolutionary interest, the puroindoline hardness alleles serve to provide the means of analyzing ances- (Fraser and Whiteside, 1956 ). Hard Red Calcutta was also imported by W. Saunders. As Buller (1919) pointed tral relationships.
Among the earliest recorded introductions of spring out, "Hard Red Calcutta,... is a commercial expression and includes several different types of wheat." The samwheats with hard kernel texture are Ladoga, Red Fife (aka Fife), Hard Red Calcutta, and Gehun (Table 2) .
ple obtained from the NSGC (CI 015090) (Table 2) carries the Pinb-D1c hardness allele like Ladoga. Hard Among these hard spring wheat cultivars, the "Fife series" is historically the most important. As related by Red Calcutta was the female used to cross with Red Fife in the development of Marquis. Ruby also carries Buller (1919), Red Fife was an inadvertent spring-habit selection from an otherwise winter-habit seed lot. The the Pinb-D1c allele (Table 2 ) so its lineage is of interest. According to Fraser and Whiteside (1956) , Ruby reseed lot originated as a commercial sample of seed from Danzig (Gdansk) Galicia (Poland) Beuningen and Busch (1997) also highlighted the importance of Red brigg (aka Gypsum) was a soft white wheat, the accession included here (Table 2 ) possesses a significant proFife as an ancestor of North American spring wheat cultivars. A search of the GRIN database identified the portion of hard kernels such that Farrer could have easily selected hard types to produce Bobs. Supreme Red Fife (PI 348919) and Fife (PI 283820) accessions included here (Table 2) . Bayles and Clark (1954) dewas a plant selection from Red Bobs made by S. Wheeler . scribed "Fife" as being another name for 'Jones Fife'; however, they describe Jones Fife as a soft red winter Even though the Pina-D1b allele was fairly prevalent among the hard spring wheats studied (Table 2) , the cultivar, as does Miller et al. (1990) . It seems likely that the Red Fife and Fife included here were derived from origin of this allele is less certain. 'Sea Island' is the oldest cultivar of this group. Greengenes lists it as the same original introduction and may differ little. In this regard, variants of the original "Fife" described by "Probable Ladoga farmer selection." The different hardness alleles present in the accessions of Sea Island Fraser and Whiteside (1956) , 2000) . Bayles and Clark (1954) describe Utac as a club cultivar with, "kercultivar and likely represents the parent of Komar. Kota is then the oldest confirmed direct introduction of the nels white, midlong, semihard to hard," which resulted from a cross between 'Dicklow' and 'Sevier' made about Pina-D1b allele. 'Ceres' having the same pedigree (Marquis/Kota) (Greengenes), carries the Pinb-D1b
1923 at the Utah Agricultural Experiment Station, Logan, UT. It was released in 1928. Dicklow is described allele.
The last two Pina-D1b cultivars which were introby Greengenes and Bayles and Clark (1954) as a soft white spring wheat. Sevier (CItr 6247) was obtained duced to North America are Red Egyptian and Marroqui 588. Both are listed by Mercado et al. (1996) as from the NSGC, the puroindolines sequenced, and was found to carry the same Pinb-D1f allele. The origin of featuring prominently in North American hard spring wheats but make no mention of the specific contribuSevier, a Utah landrace dating to about 1888, is provided by Stewart (1923) . tion. A cursory search of Greengenes revealed that Red Egyptian appears in the pedigree of RL 4205 which in As noted from Table 3 , the hard winter wheats of North America mostly owe their hard kernel texture to turn appears in the pedigree of 'Grandin', 'Alex', 'Butte 86', and 'Len'. Although none of these cultivars were Turkey, Kharkof, and other similar wheats referred to as the "Crimean Group" which were first introduced included here, Giroux and Morris (1998) showed that Butte 86 carried the Pina-D1b allele. The GRIN lists by immigrants to Kansas in 1873 (Bayles and Clark, 1954 ). Yet, surprisingly, the current accessions of Turfive accessions of "Red Egyptian." The oldest, CItr 12345 which was included here, came to the NSGC via key and Kharkof are clearly mixtures of hard and soft alleles (Table 3) . Whether these cultivars existed as such Australia in 1944. Three (PI 45374, PI 45403, and PI 45415) came from South Africa in 1917. The fifth, PI when first introduced or whether they became mixed through subsequent propagation is a matter of conjec-192020, came from Ethiopia via Italy in 1950. Our ability to establish ancestral lineage among these accessions ture. Certainly as early as 1915, 'Montana No. 36' and other such direct selections from Turkey were uniformly and existing cultivars is poor.
Marroqui 588 (aka 'Marroqui 588 Selection') is dehard-kernel cultivars (as further example, Cheyenne was a single plant selection from 'Crimean' made in scribed by GRIN as being collected in Mexico in 1948 by the USDA. A search of GRIN for accessions with 1922). As an aside, we can predict that the Pinb-D1b allele found in the mapping population involving "Marroqui*" in their pedigree yielded 179 accessions, mostly numbered lines from CIMMYT. Of note, 'Yaqui 'Clark's Cream' derived from Turkey wheat (Campbell et al., 1999) . 50' has the pedigree 'Newthatch' / Marroqui 588.
In our survey of spring wheat cultivars, two new hardThe only hard winter wheat cultivars not carrying the Pinb-D1b allele were Chiefkan and Andrews (Table 3) . ness alleles were discovered. Gehun and Canadian Red shared a common point mutation in the codon of TrpSequencing puroindoline a and b revealed that Chiefkan carries the same Pinb-D1e hardness allele as Canadian 39 which created a stop codon. Fraser and Whiteside (1956) and Buller (1919) indicate that Gehun was introRed and Gehun (Table 1) . Bayles and Clark (1954) list the pedigree of Chiefkan as 'Blackhull'/soft wheat// duced from India by W. Saunders and used in the cross that produced Prelude ('(downy) Gehun'/'Fraser', cross 'Superhard Blackhull'. 'Kanhull', a sister selection to Chiefkan (Bayles and Clark, 1954) , was not included in made in 1903) and in one of the parents of Ruby (Downy Riga/Red Fife D, cross made in 1905; Downy Riga ϭ this study. Andrews was the other hard winter wheat that did Gehun/Onega). The GRIN lists four Gehun accessions. The first three were collected in India, but from 1936 not possess the prevalent Pinb-D1b allele. Again, the puroindoline genes were sequenced and once more a to 1948. The fourth accession was obtained from the Australian Winter Cereals Collection. The connection point mutation which caused a stop codon in puroindo-
